Medical Research Converges with National Construction Goals
Medical research occurs almost exclusively in hospitals and laboratories and associated offices, conference rooms, and classrooms. A variety of Federal standards and guidelines from the Occupational Safety and Health Administration and the Centers for Disease Control address topics such as laboratory safety, blood-borne pathogens, and tuberculosis control. Similarly, architectural and engineering standards from the American Institute of Architects, the American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE), the Illumination Engineering Society of North America, the National Fire Protection Association, and other professional organizations address various interests within these environments. No unified guideline has evolved, however, that documents the need for health and productivity considerations, identifies current gaps, or considers more than minimal requirements, such as the best-practices approaches that have recently been successful in ergonomics, patient safety, and noise control.
This article is the summary report of the Committee on Healthy Buildings for the Leadership Conference: Biomedical Facilities and the Environment sponsored by the National Institutes of Health, the National Association of Physicians for the Environment, and the Association of Higher Education Facilities Officers on 1-2 November 1999 in Bethesda, Maryland, USA. The Committee on Healthy Buildings grew out of activities of the National Science and Technology Council's Subcommittee on Construction and Building (NSTC) and the Public Health Service's Engineering Professional Advisory Committee's Subcommittee on Building Design and Construction (EPAC). The NSTC, with representation from many Federal agencies including the Public Health Service, promotes the national construction goals, among which are a) 30% increase in productivity and comfort, b) 50% fewer occupant-related illnesses and injuries, and c) 50% reduction in construction work illnesses and injuries (1) .
The EPAC consists of engineers and architects, many of whom have professional experience in facilities engineering or industrial hygiene. On the basis of the interagency collaboration fostered by the NSTC and the EPAC, the conference sponsors incorporated the topic "healthy buildings," which is the consideration of health in the indoor environment, into the conference agenda. As it was a late addition to the conference, the session organizers selected key individuals to represent the broad spectrum of current research.
This report combines the introductory statements and the three formal presentations.
The presentations consisted of a) a detailed description of engineering solutions to emerging health issues in the hospital environment; b) productivity and health in the office environment; and c) a prioritization of topics needing implementation or the development of research solutions. Subsequent to the conference, the EPAC prepared a memorandum to the Surgeon General recommending • Establishment of a link between the medical and building communities to identify universally accepted standards and criteria for health in the indoor environment, and promote continued research on the subject of the interaction between the built environment and human health.
• Formation of a Surgeon General's task force drawn from the medical and building communities within the public and private sectors, including Federal, state and local agencies, professional organizations, universities, and other concerned groups to clarify a healthy buildings research agenda within the context of the national health goals as identified in Healthy People 2010 (2).
Scientific Background
Although the term "sick-building syndrome" has been in use for more than 20 years, no valid scientific definition exists (3). Despite years of interest and concern, many employers and professionals remain unwilling to invest in analyzing the impact of the indoor environmental quality on the comfort, health, productivity, and safety of occupants. Public discussion of the sick building syndrome generally focuses on the lack of knowledge of the subject, and on its psychologic implications rather than on the facts as indicated in Table 1 . European studies have repeatedly identified widespread discomfort and health deficiency symptoms among office workers (4), and Malkin et al. described the prevalence of symptoms in a sample of the hundreds of buildings investigated by the National Institute for Occupational Safety and Health (NIOSH) (5) . Regular work-related eye irritation and dryness occurred in more than 30% of office workers, headaches in 25%, and nasal symptoms in more than 20%. Even if the symptoms alone were not to affect productivity, evidence supports decreased task performance (6) . Medications taken for nasal symptoms affect task performance (7) . Indoor environments, meanwhile, represent the single most common cause of work-related asthma in the United States, representing approximately 10% in the early 1990s (8) and more than 25% in the experience of specific clinics with an interest in the topic (9) . Other less frequently occurring diseases may affect large groups of individuals and affect organizational function rather than individual performance, as occurs during outbreaks of health problems in buildings even in the health care environment (10) (11) (12) . Health issues generated by the indoor environment are of significant interest to the medical research establishment, whose activities occur in the built environment. Hospitals represent one of the three largest groups of buildings generating health hazard evaluation requests for the NIOSH under the Health Hazard Evaluation program. Schools and office buildings are the other two groups. Offices, conference rooms, and lecture halls have all generated similar complaints and investigations among health care workers and in the public-at-large (13) . Recent data suggest that 14.4% of health care workers have asthma as compared to 6.6% of the population at large (Figure 1 ), although the reason remains unclear. This may be due to increased infection rates (14, 15) , latex, and glutaraldehyde, or to other aspects of the building (13).
The Emerging Pathogens Guidebook
G. Roselle and R. McCrone discussed the Emerging Pathogens Guidebook (16) , recently issued by the Department of Veterans Affairs. Hospitals are communities as complex as office and mixed-use buildings and schools. They represent both a community of patients with diseases and people from the various professions and trades that treat them, creating a mutually interdependent environment that challenges us to acknowledge fundamental public health truths. Hospital-acquired infections affect approximately 2 million patients annually at a direct patient cost of $3.5 billion (17) . The illnesses and associated costs should stimulate us to examine the relationships between various community members and how disease is transmitted. We must, after all, provide for the safety of all members of the community. Approximately 10% of hospitalized patients acquire such infections, and 15,000 die annually. In comparison, 7 die and 138 persons are injured in hospital fires per year. What do we do differently? Fire suppression in health care institutions is a complex program of sophisticated engineering controls, vigilant work practice controls, and personal protective equipment. In contrast, similar engineering controls have not been systematically applied to the problem of nosocomial infection. The various members of the health care community have responsibility for sharing their knowledge and protecting each other from pathogens just as they work together on fire prevention. Preventing the adverse effects of pathogens on a community level may actually be easier, more straightforward, and more effective than relying on individual behaviors to make the community safe. Tuberculosis and nosocomial infections such as staphylococcus, enterococcus, and aspergillosis are conditions that support the logic and benefits of intervention and prevention through this multidisciplinary collaborative approach.
Traditional disease and injury control in occupational health relies on a hierarchy of engineering controls, administrative controls, and personal protective devices. The sequence in which they are desirable does vary at times; it may also vary from the perspective of individuals in the community. Nevertheless, control strategies that rely upon building structures and systems, such as: a) physical barriers, b) heating, air-conditioning, and ventilation controls, and c) continuous monitoring of conditions, are likely to be more effective than strategies that rely primarily upon the personal protective actions of individuals, such as: a) donning respirators, b) leaving specific areas in time, and c) washing hands correctly, which rely upon human memory and willingness to do. Still, facilities may be redesigned to facilitate the performance of tasks such as handwashing through correct placement of hand-washing facilities in relation to entry and primary function in the room. The replacement of doors with privacy screened openings is frequently designed into large public restrooms such as those found in airports, but doors are required in patient rooms for sound control, fire protection, and Prevalence (%)
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T r a n s p o r t a t io n e q u ip m e n t infection control. Engineers and architects, as facility and system designers, play a major role in controlling diseases in the health care environment. Fundamentally, their willingness to implement preventive strategies, rely on and facilitate engineering solutions, and remove barriers to good practices describes the basic principles that lead to creating a healthy work environment.
Facility planning and design rely on teamwork to identify functional requirements, maintain relevance and credibility, communicate ideas and needs effectively, and articulate functional problems that require a design solution. Construction supervision and management similarly involve teamwork in converting the design documents into an operational facility. In the best built and operated facilities, the maintenance and operations staff works with the design team to assure that the designed facility will be maintainable, and the operations and maintenance program will fulfill the designed responsibilities. Engineering and infectious disease specialists at the Department of Veterans Affairs incorporated many of these engineering concepts as they developed the Emerging Pathogens Guidebook. This resource manual addresses various airborne and fecal-oral hazards in the hospital setting. It is a guidebook that presents a summary of important pathogens juxtaposed with engineering and medical control strategies for use in the hospital environment. The range of microbial agents implicated in disease requires overlapping and differing strategies for each. The essential content is presented in Table 2 .
One of the most important lessons from the Emerging Pathogens Project has been the importance of interdisciplinary work. Health care providers, medical scientists, safety specialists, and engineers worked together to define sources, routes of transmission, intervention strategies, and implementation strategies. Such teams were necessary at all phases from initial conception through program development and implementation. Although such interdisciplinary approaches are called for in indoor environmental work, few have been implemented as broadly as in the health care environment for the specific topic of infection control. At least one major reason for this approach, and its future success, is the recognition by the Joint Commission on Accreditation of Healthcare Organizations of the role that managing utility systems has in issues of organization-acquired illness and infection. Beginning in 2001 managing pathogenic biological agents in cooling towers, domestic hot water, and other aerosolizing water systems must be included in the Utilities Systems Management Plan. This represents a beginning.
Workplace Health and Productivity
A. Rosenfeld of the U.S. Department of Energy and S. Kumar of the Lawrence Berkeley Laboratory presented the Workplace Health and Productivity Project. In 1994, as previously mentioned, the NSTC (18) selected workplace health and productivity as a topic of concern, together with health and safety of construction workers. Specifically, it sought to define the relationships between physical attributes of the workplace and workers' performances and health. This study is funded by the U.S. Departments of Commerce, Education, Energy, Health and Human Services, Veterans Affairs, General Services Administration, and Environmental Protection Agency. The objectives are to review the existing knowledge critically, assemble a bibliographic data base, and stimulate and facilitate new productivity and health research. The bibliography compiled by this project currently consists of approximately 500 articles. The internet sites for the bibliography are noted in the caption to Figure 2 , which shows the issues addressed by the project.
A major source of interest arises from the recognition that construction, operating, and maintenance costs over the facility life generally comprise only approximately 10% of the total costs of owning and operating buildings, with salaries of occupants comprising the remainder. Even minor changes in productivity have the potential for offsetting relatively major costs in infrastructure support. For example, a 50% increase in energy costs, amounting to approximately 1% of the total building costs for owners, would be offset by a 1% increase in productivity (19) (20) (21) . In fact, environmental parameters that are frequently uncontrolled, such as thermal gradients, have major productivity impacts by themselves (21) .
Environmental Health Perspectives • VOLUME 108 | SUPPLEMENT 6 | December 2000 The built environment may influence health through a number of routes. First, environmental characteristics such as temperature, lighting, odor, and noise levels influence productivity at the workplace. Higher temperatures, i.e., inadequately air-conditioned spaces, lead to decreases in workers' abilities to concentrate (21) . This is one major justification for careful implementation of ASHRAE Standard 55-1992 Thermal Environmental Conditions for Human Occupancy (22).
Odor pollution, controllable through ventilation or through removal or exclusion of point sources, is clearly associated with decreased task performance, even in quasiexperimental field studies requiring sustained concentration (23) . Unfortunately, odors have been ignored frequently or at least discounted as relatively unimportant (24) . Taken as a whole, the evidence is quite convincing that we could achieve major gains in productivity for researchers by producing better environmental quality.
Far more controversy exists over whether infections are associated with indoor environments and whether excess rates of viral disease may be controlled through ventilation, humidity control, and other intervention strategies such as filtration. Since the study of Brundage et al. (25) , this topic has been discussed widely. Others have been unable to replicate the relationship with ventilation (26) . More important, the relationship of the various known modes of transmission remains uncertain. Data clearly support both airborne droplet nuclei and hand-to-hand transmission (27) (28) (29) . Given the relationships of point sources, local dilution gradients, and general dilution ventilation, it remains unclear how strongly increased filtration or increased levels of general dilution ventilation could lower infectious transmission rates. Still, Fisk (21) has laid a very persuasive case for considering this likely. A research project of D. Milton, currently in the field data collection stage, will provide rigorously controlled data. Table 3 provides an overview of the studies supporting this hypothesis. The total annual estimated health and productivity benefits are estimated by Fisk to range from a low of $23 billion to a high of $56 billion, as shown in Table 4 .
The Workplace Health and Productivity Project has a broad strategy over the next few years to include not only physical and building science aspects but also organizational factors.
Architectural/Engineering Research for a Healthy Indoor Environment
V. Loftness, Professor of Architecture of Carnegie Mellon University, spoke on research for a healthy environment (30) . Despite an international conference series called "Healthy Buildings" held triennially since the mid-1980s, and a proliferation of conferences and publications on indoor air or indoor environmental quality, it is unlikely that the majority of decisions about building construction and maintenance contribute positively to long-term health outcomes. Furthermore, despite much knowledge reported at the conferences, both in publications and in professional discussions, widespread poor building practices still contribute to discomfort and ill health. Well-known examples, commonly implemented, that generate poor air quality include the design of deep, sealed buildings, indifference to the local climate, smaller proportions of the budget for maintenance and operations, and constrained budgets for building alterations. Mechanical system design remains quite unsophisticated: worst-case system sizing with large control zones leads to widespread discomfort. Technology and spatial layout changes are often unaccompanied by system modifications and air rebalancing. The practices of fasttracking building construction, permitting occupancy of a building before completion of testing and balancing of building heating, ventilation, and air-conditioning systems, and renovating a building during ongoing occupancy all tend to lead to preventable pollutant exposures. Conversion of unsuitable spaces such as garages and warehouses presents work spaces without expected amenities. The combining of thermal conditioning and ventilation remains the standard environmental control strategy in the United States. There is widespread recognition of the presence of office worker symptoms and their relationships with environmental factors beyond thermal comfort. These include lighting and ventilation (4, 30) , as well as exposure to carpets, photocopiers, and carbonless copy paper (4) . Control of odors (23) and particulates (32) have been shown to reduce sick building syndrome symptoms. In addition, a growing body of literature suggests that volatile organic compounds are associated with symptoms of mucosal irritation (33) (34) (35) . Investigations of series of problem buildings have suggested that in the 1970s and 1980s approximately one-half of all problems were primarily due to ventilation systems, although this may have improved in recent years (20, 36) .
Barriers to creating healthy buildings exist on many levels, including inadequate scientific knowledge and inadequate willingness to implement what we know. For example, we do not have a good definition of what is considered a healthy building, i.e., operational criteria in every domain. There is no national research repository, the existing level of research support is inadequate, and often a health-sciences basis for engineering standards is simply absent from the building design, construction, operations, and maintenance life cycle. The process of constructing buildings is most often based on least-cost approaches, with increasingly short time frames in design, construction, and ownership. There is little feedback from litigation into design, operations, and maintenance. Even where maintenance is undertaken systematically, the records necessary to document the relationships between building performance and occupant health are generally unavailable. Life-cycle costs, though available in models, are often not realistic.
Nevertheless, the healthy buildings concept, with a focus on health, offers a range of opportunities, including sustainability and regionality in architecture. It also offers access to new architectural forms and individual pleasures, such as through the intelligent workplace at Carnegie Mellon. Most important, it has the potential for major improvement in performance of building occupants, from students in schools with day lighting to improved surgical outcomes in hospitalized patients.
The rules and guidelines for creating healthy buildings must respect the need for operable windows and fresh-air architecture, i.e., campuslike layouts with green space. We must recognize that mechanical systems inadequately designed and operated may not only generate pollutants on their own but also circulate pollutants from other indoor components such as office furniture and machines. Most important, individual control of ambient conditions appears increasingly to be the key to worker satisfaction and perceptions of health.
Health Sciences Considerations
This conference committee is not the first to identify the built environment as an important health issue. Recently NIOSH led more than 500 public and private partners in the development of a National Occupational Research Agenda (36) . The Agenda identified 21 priorities in three categories: new technologies, research methods, and work environments. Health related to indoor environments was identified as one of those priorities. Twenty-one teams were formed with NIOSH, private sector, labor, and academic Environmental Health Perspectives • VOLUME 108 | SUPPLEMENT 6 | December 2000 representation, including one team on indoor environments. Table 5 presents an overview of the research priorities identified by that group. The topics are similar to those identified by the panel presenters.
Summary
The next generation of medical research facilities must well support the productivity, safety, and health of its occupants if our investments in medical research are to be effective. However, health and safety professions, environmental design professions, builders, and facility owners, managers, and maintenance technicians are all too frequently ill-prepared to design, construct, operate, and maintain medical research facilities that will provide productive, safe, and healthy environments for their occupants.
• Health, safety, and human factors professions lack the knowledge to define quantitatively how the parameters of the built environment affect human productivity, safety and health.
• Environmental design professionals consequently lack the knowledge and practices required to provide an environment optimally supportive of the facility's intended use. When general guidelines are available, they frequently lack a scientific basis. For example, surgeons cannot work in the dark, but what precise qualities of light should be provided for the surgeon? Similarly, air changes are important in a surgical suite, but what is the scientific basis for the standard for a particular type of surgical facility? • Facility owners lack the knowledge needed to define the investments in facilities that will optimize their medical research programs, and facilities managers lack the knowledge needed to effectively operate and maintain their facilities for maximum productivity, safety, and health. A significant component of the nation's medical research program should be devoted to cooperative research between health scientists and practitioners and environmental design researchers and practitioners to provide the knowledge base and recommended practices needed for effective investments in productive, safe, and healthful medical research facilities. This investment is essential to the success of the nation's medical research program. Because of the diversity of medical research facilities, the knowledge gained will be applicable to improvement of all the nation's constructed facilities, including homes, schools, offices, stores, and factories.
